We studied the effects of ischemia on transmembrane action potentials, conduction time, and refractory periods of both endocardial and epicardial muscle cells of coronary-perfused cat left ventricles. Oxygenated Tyrode's solution was perfused through the left anterior descending coronary artery, while the preparation was superfused with Tyrode's solution gassed with 95% N2 and 5% CO2. Transmembrane action potentials recorded simultaneously from endocardial and epicardial cells were normal during coronary perfusion. When perfusion was discontinued ("ischemia"), rapid deterioration of action potentials and prolongation of conduction time were observed in both endocardial and epicardial cells. The magnitude of the reduction of action potential amplitude and action potential duration (APD), and of prolongation of conduction time, was greater in epicardial cells than in endocardial cells, although the change in resting membrane potential was almost the same. However, APD of endocardial cells decreased progressively during 30 min of ischemia, whereas APD of epicardial cells was reduced maximally at 10 min and then partially recovered. Shortening of refractory periods of endocardial cells paralleled APD shortening, whereas refractory periods of epicardial cells decreased for the first 10 min and then increased. At 10 min of ischemia, APD and refractory periods of epicardial cells were significantly shorter than those of endocardial cells. At 30 min of ischemia, refractory periods of epicardial cells exceeded those of endocardial cells because of development of greater postrepolarization refractoriness in epicardial cells. Accompanying these different changes in APD and refractory periods of endocardial and epicardial cells, spontaneous extrasystolic impulses increased and rapid runs of extrasystolic impulses could be induced by extrastimuli. Our data suggest that dispersion of repolarization and refractory period between endocardial and epicardial cells is related to the development of arrhythmias during early ischemia. In addition, heterogeneities of both the initial change in refractory period paralleling APD shortening and the late-developed postrepolarization refractoriness may be involved in the occurrence of acute ischemic arrhythmias. Circulation 74, No. 2, 401-409, 1986. EXPERIMENTAL preparations of coronary artery occlusion have been extensively studied in an attempt to understand the mechanisms of ischemia-induced ventricular arrhythmias. 1A Study of the electrophysiologic events that occur at a cellular level during ischemia can provide a more precise understanding of the mechanisms of such arrhythmias. Indeed, some investigators
have recorded changes in the characteristics of transmembrane action potentials during acute ischemia in vivo and in Langendorff perfused hearts.5-9 However, these studies have been limited to action potential recordings from epicardial muscle cells.
Recently, it has been shown that the electrophysiologic response to ischemia is greater in the epicardial site than in the endocardial site.10-2 This different response can result in heterogeneities in electrical activity that facilitate reentrant arrhythmias.
In this study, we recorded cellular electrophysiologic changes simultaneously from endocardial and epicardial muscle cells during ischemia and reperfusion in the isolated segments of cat left ventricles perfused through their coronary arteries. We were thus able to study changes in endocardial and epicardial action potentials and refractory periods and their relation to early ischemic arrhythmias.
Methods
Domestic cats of either sex, weighing 2.0 to 4.2 kg, were anesthetized with sodium pentobarbital (30 mg/kg ip). The hearts were rapidly removed and immersed in cool oxygenated Tyrode's solution. The dissection techniques and perfusion and superfusion techniques have been previously described in detail. 13 In brief, after removal of both atria and the right ventricle, the left anterior descending coronary artery was cannulated with a polyethylene cannula (diameter 0.11 or 0.17 mm, Intramedic, PE 10 or PE 50) through the left main coronary ostium in the aortic root. An interval of nomore than 5 min elapsed from the time the heart was excised to cannulation. The cannulas were secured in place with 6-0 silk suture, and the preparations were perfused with Tyrode's solution equilibrated with 95% 02 and 5% CO2. The perfused area was distinctly delineated by its pale appearance after injection of Tyrode's solution. The tissue beyond the perfused area was excised, and the major branches of arteries transected by the dissection were ligated with 6-0 silk suture. After completion of the entire protocol, Evans blue dye (Sigma) was injected to ensure that the preparations were perfused well. Data from incompletely dyed preparations were discarded.
The cannulated preparations were pinned on a ring-shaped rubber plate, which was affixed to a rigid mechanical support. The plate holding the preparation was suspended vertically in a superfusion chamber so that transmembrane action potentials and bipolar electrograms could be recorded simultaneously from endocardial and epicardial muscle cells; that is, the microelectrodes for recording transmembrane action potentials approached to the endocardial and epicardial surfaces from different sides of the plate. The preparations were superfused with Tyrode's solution gassed with 95% N2 and 5% CO2 at a flow rate of 30 ml/min and were simultaneously perfused through the coronary artery cannulas with Tyrode's solution gassed with 95% 02 and 5% CO2 at a perfusion rate of 0.8 to 1.0 ml/g wet weight/min. The temperatures of the perfusate and superfusate both were maintained at 370 C. The pH of the solutions was 7.35. The Po2 of the perfusate was greater than 500 mm Hg, while that of the superfusate was 30 to 40mm Hg. The composition of Tyrode's solution was (in mM): NaCl 129, KCl 4, NaHCO3 20, NaH2PO4 1.8, MgCl2 0.5, CaCl2 2.7, and dextrose 5.5. Final wet weight of the perfused preparations increased no more than 10% above the initial wet weight.
Driving stimuli at a cycle length of 800 msec were delivered to the left bundle branch, except as otherwise mentioned, through bipolar Teflon-coated silver wire electrodes. Pulse duration was 3 msec and current strength was 1.5 times late diastolic threshold. Conventional microelectrode techniques were used to record transmembrane action potentials. Glass microelectrodes, filled with 3M KCl (DC resistance 10 to 25 M), were connected through Ag-AgCI junctions to a high-input impedance electrometer with input capacity neutralization (WPI,KS-700). Epicardial transmembrane action potentials were recorded from the area of the angle formed by the left anterior descending artery and its first diagonal branch. Simultaneously, recordings were made from the corresponding site in the endocardial side. Bipolar electrograms were recorded with fine silver wire electrodes (diameter 0.1 mm) inserted into subendocardium and subepicardium through a 26-gauge needle, close to the action potential recording electrodes. The distance between the stimulating electrodes and the recording electrodes was approximately 1.5 cm. The signals were amplified by a differential amplifi-er. The amplified outputs were displayed on dual-beam oscilloscopes (Tektronix, 564 and 565) and recorded on Polaroid film and a polygraph (Grass, Model 79).
Action potential variables measured were resting membrane potential (RMP), action potential amplitude (APA), and action potential duration measured at 50% and 90% repolarization (APD50 and APD90, respectively). Conduction time was estimated as the interval between the upstroke of the stimulus artifact and the major deflection of the bipolar electrograms.
Experimental arrhythmias produced during ischemia and reperfusion were recorded on film. They were defined as extrasystolic activity, and subgrouped as irregular single impulses or couplets (i.e., the equivalent of premature ventricular contractions ["PVCs"]) or rapid runs of extrasystolic impulses that lasted for longer than 10 sec (i.e., the equivalent of ventricular tachycardia or fibrillation ['VT/VF'").
Experimental protocol. In the first series of experiments, myocardial "ischemia" was produced by discontinuing perfusion after a 60 min equilibration period. Transmembrane action potentials and bipolar electrograms recorded from both endocardial and epicardial muscle cells were continuously displayed and recorded on film every 10 min during the period of ischemia. The preparations were reperfused after 30 min of ischemia, using the same flow rate that had been used during equilibration periods before ischemia. During ischemia and reperfusion, extrasystolic activity was monitored by recording action potentials and bipolar electrograms on a polygraph.
In the second series of the experiments, refractory periods of endocardial and epicardial muscle cells in the same preparation were measured before and during ischemia. The bipolar stimulation electrodes were placed on both endocardial and epicardial surfaces 2 mm distant from the recording microelectrodes. Premature stimuli (S2) were delivered after every seventh drive stimulus (Si). The stimulus current strengths of Si and S? were twice late diastolic threshold determined before ischemia and were kept constant during 30 min of ischemia and subsequent reperfusion. The SI-S2 interval was begun at 250 msec and shortened progressively by 10 msec decrements until the preparations failed to respond to S2. Then the scanning was repeated with 2 msec decrements from an interval near the refractory periods. The refractory period was defined as the longest SI-S2 interval that did not result in a response to S2. When the refractory periods of endocardial or epicardial cells were measured, the preparations were stimulated from the corresponding endocardial or epicardial site (both S, and S2). In three of six preparations, the refractory periods of endocardial cells were measured first; the refractory periods of epicardial cells were measured first in the other three preparations.
Statistical analysis. All data are expressed as mean + SE and were evaluated for statistical significance by analysis of variance followed by t test or Student's unpaired t test, where appropriate. Differences with p < .05 were considered significant.
Results
Changes in transmembrane action potentials of endocardial and epicardial muscle cells during 30 min of ischemia.
Transmembrane action potentials were recorded simultaneously from endocardial and epicardial muscle cells in 10 experiments after a 60 min equilibration period (control). During control periods, APA was lower in epicardial muscle cells than in endocardial cells. However, there were no differences in RMP, APA and APD were reduced and conduction time was prolonged to a greater extent in epicardial cells than in endocardial cells. Rapid runs of extrasystolic impulses (VT/VF) developed 20 sec after reperfusion, lasted for 1 min, and then stopped spontaneously. Action potentials and bipolar electrograms of both endocardial and epicardial cells returned to normal 5 min after reperfusion. Horizontal bars represent zero potential. Arrows indicate the stimulation artifact. potentials recorded from epicardial muscle cells had a prominent notch between phases one and two.
When perfusion was discontinued (ischemia), deterioration of action potentials was observed in both endocardial and epicardial muscle cells. However, the extent of changes in action potential variables was different for endocardial and epicardial muscle cells. As shown in figures 1 and 2, APA was reduced and APD50 and APD90 were shortened to a greater extent in epicardial muscle cells than in endocardial cells, whereas the change in RMP was almost identical. Furthermore, APD progressively decreased in endocardial muscle cells during the entire 30 min of ischemia, whereas APD of epicardial muscle cells shortened maximally at 10 to 20 min and then partially recovered. The difference between endocardial and epicardial action potential duration reached a maximum 10 min after the onset of ischemia and then became smaller. At 30 min of ischemia, the difference between endocardial and epicardial APD (both APD50 and APD90) fell below statistical significance. In two of 10 Vol. 74, No. 2, August 1986 preparations, epicardial muscle cells became unresponsive after 20 min of ischemia. Changes in action potential variables in both endocardial and epicardial muscle cells, which had been induced by 30 min of ischemia, returned to the baseline values within 5 min after flow was reestablished.
Changes in conduction time in endocardial and epicardial muscles during 30 min of ischemia. Discontinuing perfusion prolonged conduction time through both endocardial and epicardial muscles, but conduction delay (an increase in conduction time between the stimulating electrodes and recording electrodes) was much greater in the epicardial site (figures 1 and 3 and table 2). The difference between endocardial and epicardial conduction time was 29.1 msec at 10 min and 72.5 msec at 20 min. In epicardial muscles, conduction time could not be measured at 30 min of ischemia because of marked fractionation of the electrograms. Conduction time returned to the baseline values 5 min after reperfusion in both endocardial and epicardial muscles.
Arrhythmias during 30 min of ischemia and reperfusion.
During 30 min of ischemia and subsequent reperfusion, single extrasystolic impulses or couplets (PVCs) and rapid runs of extrasystolic impulses (VT/VF) were monitored by continuous recording of action potentials and bipolar electrograms. The mean frequency of PVCs was maximal at approximately 10 min and again 30 min after perfusion was stopped. During 30 min of ischemia, VT/VF was not recorded in any of 10 preparations. In two of 10 preparations, spontaneous rate was transiently enhanced over the stimulation rate at 10 min of ischemia. When flow was reestablished after the 30 min period of ischemia, PVCs occurred within 10 sec in all 10 preparations and developed into VT/VF in eight of 10 preparations (see figure 1 ). VT/VF (approximate rate 360 to 700 impulses/min) began 14.3 + 2.9 sec after reestablishment of flow (range 5 to 30 sec), lasted for 61.9 + 17.9 sec (range 15 to 150 sec), and stopped spontaneously. During the first several seconds of reperfusion-induced VT/VF in two of the eight preparations, the rate of VT/VF in the epicardial site was slower than that in the endocardial site. Figure  4 shows the results of an experiment in which different rates of VT/VF were observed. VT/VF was developed 25 sec after reperfusion. The rate of VT/VF was apparently different for the endocardial and epicardial sites, as shown in figure 4 depicting the VT/VF at 40 sec after reperfusion. At 60 sec the rate of the VT/VF in the epicardial site became the same as that in the endocardial site, and the VT/VF stopped spontaneously at approximately 120 sec. 
404
Changes in refractory period during 30 min of ischemia.
In six other preparations, the refractory period of endocardial and epicardial muscle cells were measured during 30 min of ischemia. As summarized in table 3 and shown in figure 5 , the refractory period of endocardial muscle cells progressively shortened during 30 min of ischemia, whereas the refractory period of epicardial muscle cells shortened initially and then began to lengthen after 10 min. At 10 min of ischemia, the refractory period was significantly shorter in epicardial muscle cells than in endocardial cells. However, the difference became small at 20 min, and the refractory period of epicardial muscle cells then became longer than that of endocardial muscle cells at 30 min.
During determination of refractory periods, VT/VF was induced by properly timed premature stimuli at either 10 or 30 min after ischemia in four of six preparations. In two of these preparations, VT/VF was induced at both 10 and 30 min. During the control period and at 20 min of ischemia, VT/VF was not induced in any of the six preparations. The induced VT/VF lasted for several seconds and stopped spontaneously. Figure 6 shows an example of the induced VT/VF at 10 min after ischemia. VT/VF was induced by the premature stimulus with a coupling interval of 166 msec (the preparation was stimulated from the endocardial site). No clear correlation was found between the stimulation site (i.e., from the endocardial or 
Discussion
In recent years, the cellular electrophysiologic effect of ischemia has been studied in an attempt to understand the mechanisms of ischemic arrhythmias. One approach to such cellular electrophysiologic studies has been isolation of tissues in vitro that had been ischemic in vivo. '4, 15 However perfusing the coronary arteries of the preparations with oxygenated Tyrode's solution while the entire preparate) and inducibility of VT/VF. In two of tions were superfused with Tyrode's solution gassed parations, VT/VF was induced by both with N2, we were able to separate the specific reand epicardial stimulation. In the other sponses of endocardial and epicardial muscle cells to two preparations, VT/VF was induced by the endocardial stimulation only.
Relationship between APD, refractory period, and PVCs during 30 min of ischemia. Figure 5 demonstrates the time courses of the changes in APD9o and refractory periods of endocardial and epicardial muscle cells and of the occurrence of PVCs. The differences in APD90 and refractory periods between endocardial and epicardial muscle cells were significant at 10 min of ischemia, at which time PVCs increased. In addition, VT/VF was induced by properly timed extrastimuli in four of six preparations, as mentioned above. At 20 min the difference in APD90 was still significant, but there was no difference in refractory periods. At ischemia, independent of the influences of cavity blood on endocardial cells, and of hemodynamics of regional differences in myocardial blood flow in experiments in vivo.
There are several reports demonstrating changes in epicardial action potentials during ischemia.Y0 Some authors found marked deterioration in action potentials during acute ischemia,7-9 while the others noted less pronounced changes. 5 6 In our isolated preparations, we found marked changes in action potentials during 30 min of ischemia, but the changes developed gradually as compared with the results in porcine hearts reported by Downar et al.7 This discrepancy may be ascribed to the different experimental settings. Although the preparations were superfused with Tyrode's solution gassed with N2, there might be some oxygen supply to the endocardial and epicardial cells from the superfusate. In with N2 during cessation of coronary perfusion. Therefore, some by-products produced by ischemia (potassium ?) might be partially washed out from the superficial layers.
In this study, we demonstrated that the effects of ischemia on endocardial and epicardial muscle cells were qualitatively and quantitatively different. APA and APD were affected to a greater extent in epicardial muscle cells than in endocardial muscle cells, although the change in RMP was almost the same. Conduction time also was more prolonged in epicardium than endocardium during ischemia. These findings are in agreement with previous studies in which separated canine endocardial and epicardial muscle preparations were exposed to ischemia-imitating solution."' 12 Our data also showed that APD of endocardial muscle cells progressively decreased during 30 min of ischemia, whereas APD of epicardial muscle cells decreased maximally at 10 min and then began to return toward normal. The refractory period paralleled the shortening of APD during 30 min of ischemia in endocardial muscle cells, whereas the refractory period of epicardial muscle cells paralleled APD shortening during the first 10 min period of ischemia and then began to increase. The latter finding is consistent with the data of Downar fractoriness develops about 5 to 10 min after ischemia in the epicardial muscle cells of Langendorff perfused porcine hearts.
The mechanism underlying the different responses to ischemia between endocardial and epicardial muscle cells is unclear. Despite the same change in RMP between endocardial and epicardial muscle cells, the changes in APA and conduction time were greater in epicardial muscle cells, suggesting that membrane responsiveness is different for endocardial and epicardial cells. Indeed, Gilmour and Zipes" have shown the different membrane responsiveness of separated endocardial and epicardial preparations during control conditions and superfusion with ischemia-imitating solution. They proposed that the presence of Purkinje fibers in the endocardial layers probably causes the differences in membrane responsiveness between endocardial and epicardial muscle cells.
Nonhomogeneous tissues, in which refractory periods, conduction velocity, or both differ in different areas of myocardium, provide an environment that facilitates reentrant arrhythmias. Focal reexcitation has been demonstrated to occur by increasing inhomogeneity of repolarization in small segments of tissues. 17 A recent study also showed with experiments in vivo that ventricular arrhythmias were inducible in canine hearts in which dispersion of repolarization was induced by a combination of general hypothermia and selective coronary perfusion with warm blood."8 The results of the present study, in agreement with those of previous reports,5-9 showed that ischemia produced by cessation of coronary perfusion shortened APD in affected myocardium, which may provide dispersion of repolarization between normal and ischemic myocardium in vivo. In addition, however, our data also showed that there were differences in APD and refractory period between endocardial and epicardial muscle cells during the 30 min period of ischemia. At 10 min of ischemia, APD and the refractory period of epicardial muscle cells were significantly shorter than those of endocardial muscle cells. Along with these differences, PVCs increased and VT/VF was induced by extrastimuli. At 20 min of ischemia, there was still difference in APD but no difference in refractory periods. PVCs decreased and VT/VF was not induced. Again at 30 min of ischemia, PVCs increased and VT/VF was also induced. At this time, there was no difference in APD between endocardial and epicardial muscle cells, but the refractory period of epicardial muscle cells exceeded that of endocardial muscle cells because of greater postrepolarization refractoriness of epicardial muscle cells. Although the relation of the differences in APD and refractory period and the occurrence of PVCs must be interpreted with caution, since the number of PVCs was small, the data on inducibility of VT/VF during the same time course lead us to suggest the relationship between them.
It has been shown since the experiments of Harris19 on canine hearts that early ischemic arrhythmias frequently occur a few minutes after the onset of ischemia and last for 15 to 30 min. In addition, recent studies have shown that there are two distinct periods of ventricular arrhythmias during the first 30 min of ischemia in dogs.2021 Considering that the preparation used in this study was globally ischemic, our data suggest that dispersion of APD and refractory periods between endocardial and epicardial muscle cells, as well as between normal and ischemic myocardium, is important for the development of these arrhythmias occurring in the early phase of ischemia. Furtherrnore, our data suggest that there are different mechanisms of the two periods of early ischemic arrhythmias. Arrhythmias that occur a few minutes after the onset of ischemia may be ascribed to heterogeneous shortening of refractory periods accompanying APD changes, whereas arrhythmias in the late phase of early ischemia may be caused by heterogeneous postrepolarization refractoriness that did not parallel APD changes.
Although spontaneous VT/VF was not observed during 30 min of ischemia, VT/VF was induced by a single premature stimulus at 10 and 30 min. Dispersion in action potentials, refractory periods, and conduction time favors reentry as a mechanism of the induced VT/VF. However, we cannot exclude the possibility of triggered automatic activity. Some experiments were done in an attempt to induce delayed afterdepolarizations and triggered activity by stimuli in train with different cycle lengths during ischemia, but afterpotentials were not recorded in ventricular muscle cells.
In conclusion, our results suggest that the development of arrhythmias during the early phase of ischemia is related to the dispersion of repolarization and refractory period between endocardial and epicardial muscle cells. Furthermore, heterogeneities of both the initial changes in refractory periods paralleling APD shortening and the late-developed postrepolarization refractoriness may be involved in the development of arrhythmias during acute ischemia.
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